ABSTRACT We propose an optimized structure for a humidity-sensing colorimetric sensor that utilizes a metal-organic framework to form a one-dimensional photonic crystal. The structure changes spectral reflectivity by switching its photonic band gap (PBG). We found that, although photonic crystals on a highly reflective substrate increased the peak more than a transparent substrate, the resulting ripples in the wavelength band near the PBG destroy our ability to detect the color conversion. We also show that, despite the blue-shift of the peak PBG wavelength for higher angles of incidence, our sensor can still create significant color conversion at nonzero angles when the environmental humidity changes. Therefore, photonic crystals on a transparent substrate that utilize PBG-switching can operate as moisture-sensitive colorimetric sensors. Our study will help optimize sensors and industrial nano-structures.
I. INTRODUCTION
Photonic crystals (PhCs) exhibit a photonic band gap (PBG) due to periodic changes in their dielectric materials. The PhC structure reflects a specific wavelength band based on the PBG. Depending on the structure of the periodic array, PhCs are classified as one-dimensional (1D), two-dimensional (2D), or three-dimensional (3D) [1] , [2] . By adjusting the optical properties of the PBG, sensors can be designed in two ways: by selecting materials with high refractive index sensitivity to environmental changes [3] - [5] or by changing the structure and size of the PhCs via external pressure [6] - [8] . By tailoring these optical properties, PhCs have been used in a variety of sensor applications, such as vapors [9] - [11] , biological [13] - [15] , solvent [5] , [16] , [17] , ionic [18] , [19] , and temperature [20] - [22] . PhCs are particularly suited for colorimetric sensors, which measure visible color variations as the sensor environment changes since PhCs can create lowpower, low-cost sensors [23] .
Researchers have studied metal-organic frameworks (MOFs) as a way to enhance the performance of humidity
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sensors [24] - [26] . In this paper, we utilized a MOF as a moisture-sensitive material. A MOF is a porous polymer material composed of metal ions that are contained by an organic ligand. MOFs have larger pore volumes and higher surface areas than other nanoporous materials and can adsorb significant volumes of water. For example, the surface area of a MOF developed by the Hong Kong University of Science and Technology (HKUST-1) is 1502 (BrunauerEmmett-Teller (BET)) and 2216 (Langmuir) m 2 g −1 with a pore volume of 0.76 cm 3 g −1 . In addition, this material can adsorb 40 wt% of water and its refractive index changes after exposure to a humid environment. Its excellent thermal stability allows reuse once the adsorbed water is removed at high temperatures [24] , [27] - [30] . These properties led us to choose the HKUST-1 MOF material as an attractive candidate for a moisture sensor.
In this paper, we propose a humidity sensing colorimetric sensor that features a MOF material with a simple 1D photonic crystal structure. Existing research describes various sensors that utilize the spectral shifts of PBGs [9] , [11] , [12] . Here, we suggest a new method that focuses on switching the PBG instead of relying upon the PBG spectral shift. A previous study found that reflected light can be more VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ efficiently converted than transmitted light by environmental changes [31] . Based on this, we suggest an optimized structure for utilizing reflected light.
II. OPTIMIZED STRUCTURE FOR A MOISTURE-SENSITIVE COLORIMETRIC SENSOR
1D PhCs are optical materials consisting of periodic dielectrics or metal-dielectrics, in the form of Bragg stacks. The periodic change in the refractive indices of 1D PhCs creates a PBG, which affects propagation; the 1D PhC structure reflects the wavelengths of light that are blocked within the PBG [32] - [34] . The central wavelength of the PBG can be expressed by the interference of light occurring in the multilayer films, as defined by (1) [35] .
where d is the thickness of the material in the 1D PhC, λ is the central wavelength of the PBG, and n is the refractive index of each material in the 1D PhC. In (1), the central wavelength of the PBG depends on the thickness of the PhC materials and on changes in the refractive index. Therefore, we create a color representation of a 1D PhC structure with a PBG in the visible range by controlling the thicknesses and refractive indices of the PhC materials. A previous study compared the color conversion of transmitted and reflected light by forming 1D PhCs on a glass substrate and found that the color conversion from reflected light was superior to the conversion from transmitted light [31] . We therefore chose to design a 1D PhC-based moisture-sensitive colorimetric sensor based on reflected light to derive the optimal structure.
We propose a design method to find the optimal reflected spectrum for the colorimetric sensor. Fig. 1 shows two concepts for a 1D PhC-based moisture-sensitive colorimetric sensor: a PhC structure formed on a transparent glass substrate (PCT) and a PhC structure formed on a highly-reflective substrate (PCR). We chose silver (Ag) as the highly reflective substrate. We expected that using a highly reflective substrate could affect the reflection spectrum of the structure, and could enhance the peak intensity of the PBG. In terms of its optical characteristics, Ag shows a relatively constant reflectivity in the visible light band and has less loss of reflected light than other reflective materials such as aluminum (Al) [36] . In this study, we designed the PCT and PCR structures and investigated how moisture affects the reflected light. The PCT structure is shown in Fig. 1(a) and the PCR structure is shown in Fig. 1(b) .
After exposing the HKUST-1 powder to moisture, its crystal morphology and structure are observed by using a scanning electron microscope (SEM) and X-ray diffraction (XRD), there is no changed [37] . Since the thickness of the HKUST-1 film is not affected by moisture, we could focus on changes in its refractive index. The refractive indices according to the moisture content inside HKUST-1 were referred to the literature [38] . The refractive index of HKUST-1 increases from about ∼1.44 to 1.55 at a wavelength of 450 nm when it is exposed to either ethanol (EtOH) or water. Also, the refractive index reduces with the drying condition of the HKUST-1 film. The higher drying temperature is the smaller value of the refractive index is shown, meaning the amount of adsorbed solvent is decreased. In this regard, the HKUST-1 film can be reusable and the amount of adsorbed solvent inside HKUST-1 film can be controlled by the drying temperature. The exact amount of adsorbed solvent inside HKUST-1 can be measured by the water-sorption kinetics [39] . When it is heated at a temperature of 200 • C for 18 hours, the refractive index returns to 1.44. Therefore, HKUST-1 and its applications can be reusable for water adsorbents. It can be expected from (1) that the central wavelength of the PBG changes when the refractive index of the material changes. In this way, a 1D PhC structure composed of HKUST-1 could result in the color conversion in visible light. Therefore, we chose HKUST-1 as the PhCs material with which to create a moisture-sensitive colorimetric sensor.
We compared the color transformations by using two optical methods. In the first, the PhC was combined of HKUST-1 and another material that has a different refractive index than bare HKUST-1 in the visible range. This method provides an opportunity to utilize the central wavelength shift of the PBG. To utilize the central wavelength shift of the PBG, we selected aluminum oxide (Al 2 O 3 ).
The second method utilizes the PBG switch by using another material with the same refractive index as HKUST-1 in the visible range. The other material selected as calcium fluoride (CaF 2 ). In a dry environment, this combination does not create a PBG due to the small difference in the refractive indices of CaF 2 and HKUST-1. However, after being exposed to humidity, the material generates a PBG due to the relative increase in the difference between the refractive indices of CaF 2 and HKUST-1. All of the 1D PhCs were designed by constructing HKUST-1 and the other materials on either a glass or Ag substrate, as detailed above. On the substrate, the other optional material was deposited first, followed by HKUST-1; these were then stacked in turn.
The color system of the human eye can be expressed by the three primary colors of light [40] . To create a color conversion this is distinguishable by the naked eye, we aimed to represent the colors from the synthesis of the blue (400 nm), green (550 nm), and red (650 nm) wavelength bands. We designed devices for each wavelength band, defined as specific photonic bandgap-blue (SPB-B), green (SPB-G), and red (SPB-R). The thickness of the PhC materials (HKUST-1, CaF 2 , and Al 2 O 3 ) corresponding to SPB-B, SPB-G, and SPB-R, respectively, are shown in Table 1 .
The HKUST-1 thin film can be grown using the liquid phase epitaxy (LPE) spray-coating method and the CaF 2 and Al 2 O 3 thin films can be formed through atomic layer deposition (ALD) processes [38] , [41] , [42] . We calculated the required thickness of HKUST-1 using the refractive index when exposed to either EtOH or a humid environment. We fixed the thicknesses of each layer and changed only the refractive index of HKUST-1. We determined the thickness of the Ag layer that formed on the glass substrate to be 20 nm. At this thickness, Ag could be continuously deposited and could be grown as a perfect thin film [43] .
We used the published experimental data for the refractive indices of the PhC materials and Ag [38] , [44] - [46] . In equation (1), the central wavelength of a PBG depends on the refractive indices of PhC materials; these indices vary with wavelength. Considering this, we designed the optimized structures using the refractive index of each material at the central wavelength of the PBG. Table 2 summarizes the refractive indices of each material at the central wavelengths of SPB-B, SPB-G, and SPB-R.
A previous study compared color conversion by adjusting the number of 1D PhC layers formed on a glass substrate [31] . We found that ten pairs of 1D PhCs resulted in the best spectral change of SPB-G. We likewise formed ten pairs of 1D PhCs in the PCT and PCR structures for SPB-G, SPB-B, and SPB-R PhCs.
Using a 3D finite-difference time domain tool (FDTD Solutions by Lumerical Inc.), we measured the intensity of the reflected light in the z-axis direction of each of the structures shown in Fig. 1 . To represent the infinite surface, we set boundary conditions that are anti-symmetric for the x-axis, symmetric for the y-axis, and perfectly matched layer (PML) for the z-axis. In addition, to observe the spectral changes as the incident light angle varies, we changed the boundary conditions of the x-and y-axes to Bloch. The light source incident on the 1D PhCs was a plane wave with wavelengths between 300 and 1000 nm. We placed a frequency-domain field monitor above the light source to measure the intensity of the reflected light.
III. RESULTS AND DISCUSSION
To verify the effects of the PBG changes, we first analyzed the spectrum changes. Fig. 2 shows the spectral changes according to each spectral shift and switch of PBG. The reflectance spectra of PhCs using the spectral shift and switch of PBG are shown in Figs. 2(a) and (b) . Since the PhCs are not infinitely stacked, the main peak value of the PBG differ from each other. In addition, there are small ripples in the wavelength band, except for in the case of PBG. This phenomenon is caused by interference between multiple reflections at the finite boundary modes.
To take advantage of the shift in the PBG central wavelength, we selected HKUST-1 and Al 2 O 3 as the PhCs materials in the PCT structure. The refractive index of Al 2 O 3 differs from the refractive index of HKUST-1 both with and without moisture. The differences between the refractive indices of Al 2 O 3 and HKUST-1 when dry were ∼0.32 (400 nm) and VOLUME 7, 2019 FIGURE 2. Spectral reflectivity of an HKUST-1 PCT structure with varying water content from (a) spectral shifts and (b) PBG switching. ∼0.37 (550 and 650 nm). For Al 2 O 3 and HKUST-1 when freshly wet, the differences between these refractive indices were 0.21 (400 nm), 0.25 (550 nm), and 0.26 (650 nm). In both dry temperatures and wet conditions, the refractive index differences in these PhCs create a PBG. The shift in the PBG wavelength band is caused by the refractive index of HKUST-1 varying from wet to dry while the refractive index of Al 2 O 3 remains constant. The wavelength band of PBG traveled ∼24 nm in the long wavelength band. The amount of spectral change according to the contents of adsorbed inside HKUST-1 was small. In addition, the spectrum's peak value decreased by ∼17%p because the difference in refractive indices decreased.
The spectral changes of PhCs in response to switching the PBG was distinct, however. In the dry environment, the reflected intensity of light in the overall spectral range was negligible. In addition, although a small peak was present in the PBG wavelength band, it was hardly distinguishable. Said a small peak is occurred due to the small difference between the refractive indices of CaF 2 and HKUST-1. In the wet environment, a PBG was present in the 550 nm wavelength band, because the difference in the refractive index between two materials increased. The average reflectance from 380 to 780 nm was calculated to be ∼3% in the dry environment, and the maximum peak value in the 500 to 600 nm wavelength band was as low as ∼5%. As the drying temperature increased in the wet condition, the maximum peak decreased sequentially to ∼43% (wet), 36% (100 • C), 29% (150 • C), and 5% (200 • C, dry); the maximum peak in wet conditions is ∼8.5 times stronger than in dry conditions. Once we discovered that the spectral change created by switching the PBG was much stronger than by shifting the spectral peak, we selected a colorimetric sensor that utilized this PBG switching.
To enhance the main peak of the SPB-G while utilizing the PBG switch, we designed a PCR structure to compare with the PCT structure. Fig. 3 shows the spectral changes of PCT and PCR structures that both use PBG switching. We designed PCT and PCR structures for SPB-B, SPB-G, and SPB-R wavelengths and compared the spectral changes to understand their sensing performance.
Figs. 3(a), (b), and (c) show the reflectance spectra of SPB-B, SPB-G, and SPB-R that we designed with the PCT structure. The average reflectance between 380 and 780 nm in dry conditions was 3.6% (SPB-B), 3% (SPB-G), and 3.3% (SPB-R) and the maximum peak reflectance was ∼17% (380 nm), ∼5% (564 nm), and ∼6.4% (668 nm). In the humid environment, the peak reflected PCT intensities at the main central wavelength were ∼65% (396 nm), ∼43% (544 nm), and ∼36% (648 nm). Changing from dry to humid environments increased the maximum reflected light 3.9× (SPB-B), 8.5× (SPB-G), and 5.6× (SPB-R). Each of the dry environment samples had small peaks within the spectral range due to the small differences between the refractive indices of CaF 2 and HKUST-1; the refractive indices of HKUST-1 and CaF 2 in a dry environment are not perfectly identical between wavelengths of 380 to 780 nm. We observed refractive index differences of ∼0.03 (400, 550, and 650 nm) in each wavelength band.
We formed PhCs on PCR structures to enhance the maximum peak value of the central wavelength band and we compared these structures to the PhCs formed on PCT structures. Figs. 3(d) , (e), and (f) show the spectral changes of the SPB-B, SPB-G, and SPB-R PhCs on PCR structures, respectively. In both dry and humid environments, the average reflected light intensities from the PCR structures were higher than the reflections from the PCT structures. In the SPB-B case, for example, the average reflectance increased from ∼3.6% to 55%. When the PCR structures were exposed to wet conditions, the maximum peak values in the central wavelength band only increased ∼1.3× (SPB-B), 2× (SPB-G), and 2.9× (SPB-R). Except for in the case of a PBG, however, severe ripples occurred in the wavelength band. When Ag, which has high reflectivity, was used as a substrate, most of the light was reflected, because the difference between the refractive indices of CaF 2 and Ag was large. Due to the difference in the refractive index between the PhCs and the air boundary, part of the light reflected from the Ag is reflected back into the PhCs. Repetition of this phenomenon means that the layers act as a Fabry-Perot interferometer (FPI), amplifying the effect of the PBG [47] .
We analyzed the ripples in the PCR structures using the physical principles of an FPI. We constructed the FPI structures corresponding to SPB-B, SPB-G, and SPB-R by forming a material with a refractive index of 1.5 on a 20 nm Ag layer. For the refractive index of the material formed on the Ag layer, we used the average of HKUST-1 and CaF 2 refractive indices in the humid environment and we used thicknesses that correspond to the PhC thickness, which is 1320 nm for SPB-B, 1850 nm for SPB-G, and 2210 nm for SPB-R. Figs. 3 (d) , (e), and (f) show that the spectra of the FPI structures are similar to the spectra of the PCR structure in a wet environment: in a humid environment, SPB-B, SPB-G, and SPB-R see 5, 8, and 10 ripples, respectively, and the corresponding FPI structures see 5, 8, and 9 ripples. Since the peaks occur in similar wavelength regions, and the number of peaks is almost identical, we are confident that the ripples are generated by a Fabry-Perot effect in the PhCs between the Ag/PhC and PhC/air layers.
Furthermore, we can predict the wavelength between each the peaks by (2) using the physical principle of the free spectral range (FSR) [48] , [49] :
where λ 0 is the central wavelength of peak and l and n are the thickness and average refractive index of the PhC, respectively. In (2), a thicker PhC will cause the FSR to decreases which implies a more severe ripple. Since SPB-R has the thickest stack of PhCs, it has the smallest FSR and the largest number of peaks in the visible spectrum. Likewise, the round trip through the PhCs increases the effective number of layers of 1D PhCs, which increases the central wavelength peak values of the PBG. The difference in refractive indices between Ag and CaF 2 is ∼1.27, ∼1.31, and ∼1.31 in the 400, 550, and 650 nm wavelength bands, respectively. Since the refractive index differences in the 550 and 650 nm wavelength bands are larger than the difference in the 400 nm band, the intensity of the reflected light is more pronounced in the 550 and 650 nm wavelength bands.
Next, we compared the color conversion of the PCR and PCT structures using the International Commission on Illumination (CIE) 1976 u v coordinate system. This system creates a uniform color space that reduces the non-uniformity between visual chrominance and color difference in the CIE 1931 xy coordinate system [50] . Figs. 4 (a), (b) , and (c) show that the color coordinate shifts of the PCT and PCR structures of SPB-B, and SPB-G, and SPB-R shifted to blue, green, and red areas, respectively, when the environment was changed from the dry to the humid conditions. For the PCT structure, the color coordinates of each SPB-B, SPB-G, and SPB-R shifted from (0. 
We also calculated the color coordinate shifts of the PCT and PCR structures quantitatively using (3). For the PCT structure, we calculated ∼0.06, ∼0.13, and ∼0.12 for u v SPB−B , u v SPB−G , and u v SPB−R , respectively, whereas the PCR structure only changed by ∼0.01, ∼0.02 and ∼0.01. Since the PCT structure displayed much stronger color coordinate shifts than the PCR structure, we consider a PBG-switching PCT structure to be most suitable for a moisture-sensitive colorimetric sensor. Fig. 5 shows the spectral and color coordinate changes of the optimized PCT structure for different incident angles. As the angle of incidence increases, the overall spectrum blue shifts in both dry and humid environments. Furthermore, when we increase the angle of incidence from 0 • to 20 • , the peak wavelength of the PBG decreases by ∼16 nm; the oblique incidence affects the reflected intensity and the transmission coefficients that occur at each PhC boundary. In addition, this phenomenon can be understood by the FPI physical principles: resonance occurs when the round trip phase difference of the wave vector (δ) is an integer multiple of 2π . In the case of oblique incidence, we can express the phase difference of the wave vector by (4) [51] :
where λ is the free-space wavelength, k is the wave number where k = (2nπ )/λ, θ is the incident angle, q is an integer, and n and l are the refractive index and thickness of the material, respectively. In this equation, λ is affected by the angle of incidence. When the central wavelength of the PBG shifts, the color coordinates shift as well. Fig. 5 (c) shows that, when the incident angle increases from 0 • to 20 • for the SPB-G PCT structure, the color coordinates shift from (0.23, 0.46) to (0.21, 0.46) in a dry environment and from (0.14, 0.55) to (0.10, 0.55) in a humid environment. This creates a u v of ∼0.14 for an incident angle of 20 • and the structure still creates color conversion when the environmental humidity changes.
Therefore, 1D PhCs formed in PCT structures and utilizing PBG switching are attractive as humidity colorimetric sensors. There are a variety of MOF materials that can adsorb large amounts of water as well as potentially evolving into water-absorbing agents through quantitative measurement of water content [39] , [52] . We have selected an HKUST-1, which can be adsorbed enough water at relatively a lower pressure than other MOF materials [53] . Other highly adsorbent MOFs also can be used depending on the purpose. The maximum water content inside HKUST-1 can be adsorbed from 43 to 65 wt%. Also, the EtOH can be adsorbed up to ∼45 wt% [54] . The water uptake of HKUST-1 saturates within 60 s at a vapor pressure of 5.9 mbar and a temperature of 36 • C [55] . The colorimetric sensor that we d-esigned can be used as a sensor that directly creates a color change without a complicated or expensive detector.
IV. CONCLUSION
In this paper, we propose a moisture-sensitive colorimetric sensor that combines a simple 1D PhC on a PCT structure with a MOF that has good water adsorption. In the adsorption-desorption reaction of water or EtOH inside the HKUST-1 film, the spectral change of a switching PBG was clearer than the change from the spectral PBG shift. We also designed a PCR structure in an attempt to enhance the main peak of the PhCs in the PCT structure and, although the main peak value improved, the severe ripples in the wavelength bands near the PBG resulted in indistinguishable color conversion. We also determined that, while higher angles of incidence shift the peak PBG wavelength towards shorter wavelength, our structure still created color conversion when the environmental humidity increased. Therefore, we found the PCT structure, when utilizing a switching PBG, to be suitable as a moisture-sensitive colorimetric sensor. Our work will help optimize sensors and industrial nano-structures in the future.
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